Respiratory syncytial virus (RSV) causes substantial morbidity and mortality in young children and the elderly. There are currently no licensed RSV vaccines, and passive prophylaxis with the monoclonal antibody palivizumab is restricted to high-risk infants in part due to its modest efficacy. Although it is widely agreed that an effective RSV vaccine will require the induction of a potent neutralizing antibody response against the RSV fusion (F) glycoprotein, little is known about the specificities and functional activities of RSV F-specific antibodies induced by natural infection. We have comprehensively profiled the human antibody response to RSV F by isolating and characterizing 364 RSV F-specific monoclonal antibodies from the memory B cells of three healthy adult donors. In all donors, the antibody response to RSV F was composed of a broad diversity of clones that targeted several antigenic sites. Nearly half of the most potent antibodies targeted a previously undefined site of vulnerability near the apex of the prefusion conformation of RSV F (preF). Additionally, the antibodies targeting this new site displayed convergent sequence features, thus providing a future means to rapidly detect the presence of these antibodies in human vaccine samples. Many of the antibodies that bind preF-specific surfaces were >100 times more potent than palivizumab and several cross-neutralized human metapneumovirus. Together, the results have implications for the design and evaluation of RSV vaccine candidates and offer new options for passive prophylaxis.
INTRODUCTION
Respiratory syncytial virus (RSV) is the leading cause of infant hospitalization in the United States and accounts for an estimated 64 million infections and 160,000 deaths worldwide each year. However, despite decades of research, the development of a safe and effective vaccine against RSV has remained elusive, highlighting the need for novel strategies that induce protective immune responses. Neutralizing antibodies have been shown to protect against severe RSV disease in humans and animal models; therefore, it is widely agreed that an effective RSV vaccine should induce a robust neutralizing antibody response (1) (2) (3) .
Similar to other pneumoviruses, RSV expresses two major surface glycoproteins: the fusion protein (F) and the attachment protein (G). Although both have been shown to induce protective neutralizing antibody responses, F is less genetically variable than G, is absolutely required for infection, and is the target for the majority of neutralizing activity in human serum (4) (5) (6) (7) (8) . RSV F is also the target of the monoclonal antibody (mAb) palivizumab, which is used to passively protect high-risk infants from severe disease (9) . Consequently, the RSV F protein is considered to be a highly attractive target for vaccines and antibody-based therapies.
The mature RSV F glycoprotein initially exists in a metastable prefusion conformation (preF) (10) before undergoing a conformational change that leads to insertion of the hydrophobic fusion peptide into the host-cell membrane. Subsequent refolding of F into a stable, elongated postfusion conformation (postF) (11, 12) results in fusion of the viral and host-cell membranes. Because of its inherent instability, the preF protein has the propensity to prematurely trigger into postF, both in solution and on the viral surface (13) . Recently, stabilization of preF has been achieved by protein engineering (14, 15) , and stabilized preF has been shown to induce higher titers of neutralizing antibodies than postF in animal models (14, 15) .
Despite the importance of neutralizing antibodies in protection against severe RSV disease, our understanding of the human antibody response to RSV has been limited to studies of human sera and a small number of RSV-specific human mAbs (16) (17) (18) (19) . The epitopes recognized by these human antibodies, as well as several murine antibodies, have defined at least four "antigenic sites" on RSV F (table S1) (1, 10, 16, (18) (19) (20) . Three of these sites-I, II, and IV-are present on both preF and postF, whereas antigenic site Ø exists exclusively on preF. Additional preFspecific epitopes have been defined by antibodies MPE8 (17) and AM14 (21) . Although serum-mapping studies have shown that site Ø-directed antibodies are responsible for a large proportion of the neutralizing antibody response in most individuals (8) , there are additional antibody specificities that contribute to serum-neutralizing activity that remain to be defined. In addition, it is unknown whether certain antibody sequence features are required for recognition of certain neutralizing sites, as observed for other viral targets (22) (23) (24) (25) . Last, understanding the relationship between neutralization potency and epitope specificity will be critical in the selection and design of vaccine antigens that induce potent neutralizing responses.
To address these questions, we isolated an extensive panel of RSV F-specific mAbs from the memory B cells of three healthy adult donors and used these antibodies to comprehensively map the antigenic topology of RSV F. The results show that a large proportion of the RSV F-specific human antibody repertoire is composed of neutralizing antibodies, many of which exhibit marked potency. The most potent antibodies target two distinct antigenic sites that are located near the apex of the preF trimer, providing strong support for the development of preF-based vaccine candidates that preserve these antigenic sites. Furthermore, the highly potent neutralizing antibodies described here represent new opportunities for the prevention of severe RSV disease by passive immunoprophylaxis.
RESULTS
Large-scale isolation of RSV F-specific mAbs from healthy adult donors To comprehensively profile the human antibody response to RSV F, we aimed to isolate and characterize about 100 mAbs from the memory B cells of each of three healthy adult donors. Although these donors did not have a documented history of RSV infection, healthy adults are expected to have had multiple RSV infections throughout life (26) . We assessed the magnitude of the memory B cell response to RSV F by staining peripheral B cells with a mixture of fluorescently labeled preF and postF sorting probes ( fig. S1) (11, 15) . Both proteins were dual labeled to eliminate background due to nonspecific fluorochrome binding (27) . Flow cytometric analysis revealed that 0.04 to 0.18% of class-switched [immunoglobulin G-positive (IgG + ) and IgA + ] peripheral B cells were specific for RSV F ( Fig.  1A and fig. S2 ), which is substantially lower than the percentage of RSV F-specific cells observed after experimental RSV infection, suggesting that these three donors were probably not recently exposed to RSV (28) . Index sorting showed that 17 to 38% of circulating RSV F-specific B cells express IgA, indicating that IgA memory B cells to RSV F are present in peripheral blood (Fig. 1B) . About 200 RSV Fspecific B cells from each donor sample were single-cell sorted, and antibody variable heavy (VH) and variable light (VL) chain sequences were rescued by single-cell polymerase chain reaction (PCR) (29) . More than 100 cognate heavy and light chain pairs from each donor were subsequently cloned and expressed as full-length IgGs in an engineered strain of Saccharomyces cerevisiae for further characterization (30) . Preliminary binding studies showed that about 80% of antibodies cloned from RSV F-specific B cells bound to recombinant RSV F proteins (table S2) .
Sequence analysis of RSV F-specific antibody repertoires Sequence analysis of the isolated mAbs revealed that all three RSV F-specific repertoires were highly diverse, with each containing between 70 and 98 unique lineages (Fig. 1C and data file S1 ). This result is in stark contrast to the relatively restricted repertoires observed in HIVinfected patients (31) or in healthy donors after influenza vaccination (32) . Compared with non-RSV-reactive antibodies (33), the RSV Fspecific repertoires were skewed toward certain VH germline genes (VH1-18, VH1-2, VH1-69, VH2-70, VH4-304, and VH5-51) (Fig.  1D) . A bias toward VH1-69 has also been observed in anti-HIV-1, anti-influenza, and anti-hepatitis C virus repertoires (34) (35) (36) , and recent studies have shown that there is a significant increase in the relative usage of VH1-18, VH1-2, and VH1-69 during acute dengue infection (37) . Hence, it appears that these particular germline gene segments may have inherent properties that facilitate recognition of viral envelope proteins. The distribution of heavy chain third complementarity-determining region (CDRH3) lengths in RSV Fspecific antibody repertoires was skewed toward lengths of 14 to 18 amino acids compared with unselected repertoires (Fig. 1E ). The average level of somatic hypermutation (SHM) varied between the three donor repertoires, ranging from 16 to 30 nucleotide substitutions per VH gene (excluding CDRH3) (Fig. 1F) , which is comparable to the average level of SHM observed in anti-influenza antibody repertoires (32, 38) and consistent with the recurrent nature of RSV infection (26) . Several antibodies contained greater than 50 VH gene nucleotide substitutions, suggesting that multiple rounds of RSV infection can result in antibodies with very high levels of SHM.
A large proportion of antibodies bind exclusively to preF We next measured the apparent binding affinities of the IgGs to furin-cleaved RSV F ectodomains stabilized in the prefusion (DSCav1) or postfusion (F DFP) conformation using biolayer interferometry (11, 15) . In all three donor repertoires, a relatively large proportion of the antibodies (36 to 67%) bound exclusively to preF (Fig. 2, A and B) . The vast majority of remaining antibodies bound to both preF and postF, with only 5 to 7% of antibodies showing exclusive postF specificity (Fig. 2, A and B) . The low prevalence of postF-specific antibodies in these donor repertoires is consistent with the observation that less than 10% of anti-RSV F serum binding activity specifically targets postF (8) . However, the majority of crossreactive antibodies bound with higher apparent affinity to postF ( Fig.  2A) , suggesting that these antibodies were probably elicited by and/or affinity-matured against postF in vivo. Hence, the significantly higher proportion of preF-versus postF-specific antibodies is likely due to the higher immunogenicity of the unique surfaces on preF compared with postF, rather than to an increased abundance of preF in vivo. As expected based on the relatively high degree of sequence conservation of RSV F proteins, most of the antibodies bound to F proteins derived from subtypes A and B (Fig. 2C) .
Because certain antiviral antibody specificities have been associated with poly-and autoreactivity (39-41), we also tested the RSV antibodies for polyreactivity using a previously described high-throughput assay that correlates with downstream behaviors such as serum clearance (42, 43) . One hundred and seventy-seven clinical antibodies, as well as several broadly neutralizing HIV-1 antibodies, were also included for comparison. In contrast to many previously described HIV-1 broadly neutralizing antibodies, the vast majority of RSV F-specific antibodies lacked substantial polyreactivity in this assay ( fig. S3 ).
RSV F-specific antibodies target six major antigenic sites To map the epitopes recognized by the RSV F-specific antibodies, we first performed competitive binding experiments using a previously described yeast-based assay (44) . Antibodies were initially tested for competition with D25, AM14, and MPE8 [three previously described preF-specific antibodies (10, 17, 21) ] and motavizumab [an affinitymatured variant of palivizumab that binds to both preF and postF (10, 11, 45)] . Noncompeting antibodies were then tested for competition with a site IV-directed mAb (101F) (46), a site I-directed antibody (ADI-13390) (table S3), and two high-affinity antibodies from the panel (ADI-14443 and ADI-14469) that did not strongly compete with each other or any of the control antibodies (table S3) . Each antibody was assigned to a bin based on the results of this competition assay (data file S1).
To increase the resolution of our epitope assignments, we also measured the binding of each antibody to a panel of preF variants using a Luminex-based assay (data file S1). Each variant contained two to four mutations clustered together to form a patch on the surface of preF. A total of nine patches that uniformly covered the surface of preF were generated ( fig. S4 ). Deglycosylated preF was also included to identify antibodies targeting glycan-dependent epitopes.
Previously characterized antibodies D25, AM14, and motavizumab were used to validate the assay ( fig. S4 ). The combined bin and patch data were then used to assign each antibody to a single antigenic site (Fig. 3, A and B), which we defined on the basis of previously determined structures, resistance mutations, and secondary structure of the F protein.
Overall, these data show that the large majority of isolated antibodies target six major antigenic sites on prefusion RSV F (Ø, I, II, III, IV, and V). Only a small proportion of the isolated antibodies had binding profiles similar to that of AM14, suggesting that antibodies targeting this quaternary epitope are not commonly elicited during natural infection. None of the antibodies was sensitive to deglycosylation of F, demonstrating that glycan-dependent antibodies are also rarely elicited by natural RSV infection. All three donor repertoires showed highly similar epitope coverage, suggesting that the majority of healthy adults produce antibodies targeting each of these six antigenic sites.
Analysis of the preF-and postF-binding activities of the antibodies targeting each antigenic site ( Fig. 3C and fig. S5 ) revealed that three sites are almost exclusively found on preF (Ø, III, and V). Antibodies targeting sites Ø and III have been previously described (10, 17) , and these sites are located on the top and side of the preF protein, respectively. Between 4 and 22% of antibodies from each donor recognized site Ø and between 6 and 26% recognized site III. A relatively large proportion of antibodies from each donor (14 to 28%) recognized the previously undescribed site V (Fig. 3B ). The majority of site V antibodies competed with D25, MPE8, and motavizumab, which was unexpected given the distance between the epitopes recognized by these three antibodies. The patch mutant analysis revealed that site V antibodies interact with the a3 helix and b3/b4 hairpin of preF. This region is located between the epitopes recognized by D25, MPE8, and motavizumab, explaining the unusual competition profile observed for this group of antibodies ( fig. S6 ). Two-thirds of the site V-directed antibodies used the same VH-VL germline pair (VH1-18 and VK2-30) and had CDRH3 lengths of 14 or 15 amino acids (data file S2). Many of these antibodies also shared certain somatic mutations in both the VH and VL genes (data file S2), suggesting a common binding mode. In addition to the three primarily preFspecific sites, about one-third of the antibodies that recognized antigenic site IV were preF-specific, likely because of contacts with b22, which dramatically rearranges during the transition from preF to postF. In summary, the epitope mapping data show that the large majority of isolated antibodies target six major antigenic sites, about half of which are exclusively present on preF. Highly potent neutralizing antibodies target preF-specific epitopes The 364 IgGs were tested for neutralizing activity against RSV subtypes A and B using a previously described high-throughput neutralization assay (15) . For all three donor repertoires, 64 to 80% of the isolated antibodies showed neutralizing activity, and 19 to 38% neutralized with high potency [half maximal inhibitory concentration (IC 50 ) ≤ 0.05 mg/ml] (Fig. 4, A and B) . Several clonally unrelated antibodies were ≥5-fold more potent than D25 and ≥100-fold more potent than palivizumab (Fig. 4A) . There was no correlation between neutralization potency and level of SHM (P = 0.89, r = 0.0082) ( fig. S7 and data file S1), suggesting that extensive SHM is not required for potent neutralization of RSV. Consistent with the binding cross-reactivity data, the majority of neutralizing antibodies showed activity against both subtypes A and B ( fig. S8) .
We next analyzed the relationship between preF-and postFbinding affinity and neutralization potency (Fig. 4C ). This analysis revealed that greater than 85% of highly potent antibodies (IC 50 ≤ 0.05 mg/ml) were specific for preF ( fig. S9 ). Furthermore, preF-specific antibodies were >10-fold more potent than preF and postF crossreactive antibodies and about 80-fold more potent than antibodies that specifically recognized postF (Fig. 4D ). There was a positive correlation between preF binding and neutralization (P < 0.001, r = 0.24), and the apparent preF equilibrium dissociation constants (K d values) generally corresponded well with the neutralization IC 50 values (Fig. 5A ).
In contrast, there was no correlation between postF binding and neutralization (P = 0.44, r = −0.07) (Fig. 5B) . In addition, relatively few antibodies neutralized with IC 50 values lower than 100 pM, which is consistent with the previously proposed ceiling to affinity maturation (47, 48) .
We next analyzed the relationship between neutralization potency and antigenic site (Fig. 5C ). More than 60% of the highly potent neutralizing antibodies targeted antigenic sites Ø and V, which represent two of the three preF specific sites. In contrast, antibodies targeting sites III and IV showed a wide range of neutralization potencies, and antibodies targeting sites I and II were generally moderate to nonneutralizing. Similar results were obtained for subtype B viruses ( fig. S10) . A subset of site IV-directed antibodies neutralized with substantially lower potency than would be expected based on preF binding affinity (Fig. 5A) . There are several possible explanations for this observation, including differences in (i) the ability of antibodies to access these sites on the crowded surface of the virion, (ii) the sensitivity of different sites to the antibody angle of approach, and (iii) the mechanisms of neutralization for preF-specific antibodies compared with antibodies that are reactive with both preF and postF.
Several antibodies cross-neutralize RSV and HMPV Given that the RSV and human metapneumovirus (HMPV) mature F protein ectodomains share about 38% amino acid identity, and certain RSV F-specific antibodies cross-neutralize HMPV (17, 49), we next tested the antibodies in our panel for neutralizing activity against HMPV. Of the 364 antibodies tested, nine neutralized HMPV and two showed highly potent activity against both HMPV and RSV (Table 1) . Sequence analysis revealed that the nine antibodies comprise five clonal families, which do not show convergent VH germline gene usage, CDRH3 lengths, or somatic mutations (data file S3). Nearly all the cross-neutralizing antibodies bound exclusively to preF and competed with MPE8 (antigenic site III) ( Table 1 ). This result was not unexpected because MPE8 has been previously shown to cross-neutralize four pneumoviruses, including RSV and HMPV (17) . Although HMPV F was not used for B cell sorting, all three donor repertoires contained antibodies that cross-neutralized HMPV, suggesting that highly conserved epitopes are relatively immunogenic in the context of natural RSV and HMPV infection.
DISCUSSION
An in-depth understanding of the human antibody response to RSV infection will aid the development and evaluation of RSV vaccine candidates. Although previous studies have coarsely mapped the epitopes targeted by RSV-specific neutralizing antibodies in human sera (4, 8) , the specificities and functional properties of antibodies induced by natural RSV infection have remained largely undefined. Here, we have used preF-and postF-stabilized proteins (11, 15) , a high-throughput antibody isolation platform, and a structure-guided collection of preF mutants to clonally dissect the human memory B cell response to RSV F in three naturally infected adult donors. In the repertoires analyzed, the ratio of preF-specific antibodies to those that recognize both preF and postF varied slightly among the three donors, with an average ratio of about 1:1. These values are somewhat lower than those reported for human sera, which showed that about 70% of anti-F serum binding is specific for preF (8) . This discrepancy may be the result of differences between the levels of individual antibodies in serum, differences in the B cell phenotypes achieved for a particular specificity, or variation between donors. Despite these minor differences, Table 1 . A subset of anti-RSV F antibodies cross-neutralize HMPV. N.B., nonbinder.
Name
HMPV-A1 IC 50 (mg/ml) RSV-A2 IC 50 (mg/ml) the results of both studies suggest that preF-specific epitopes and epitopes shared by preF and postF are immunogenic during natural RSV infection, whereas the unique surfaces on postF are substantially less immunogenic. Our repertoire analysis reveals that the large majority of RSV Fspecific antibodies target six major antigenic sites on prefusion RSV F: Ø, I, II, III, IV, and V. We defined these sites based on previously determined structures, resistance mutations, and secondary structure of the preF protein. It is important to note that the nomenclature for describing RSV F antigenic sites has evolved over time (6, (50) (51) (52) (53) (54) (55) (56) , and previous mapping efforts were based on the postfusion conformation of F and did not include surfaces present exclusively on preF. The crystal structure of preF has provided critical information about F structure and function as well as new reagents to map antibody binding sites on the unique surfaces of preF and surfaces shared with postF. We therefore propose an update to the nomenclature system for antigenic sites on RSV F, building on previous information but now including structurally defined regions of preF. To a first approximation, each antibody can be assigned primarily to one of these sites. However, it is likely that antibody epitopes cover the entire surface of F and that there are antibodies that bind two or more adjacent antigenic sites within a protomer and quaternary antibodies that bind across protomers. Thus, the antigenic site nomenclature is not precise enough to describe the entire spectrum of RSV F-specific antibodies but should be considered as a rationally defined three-dimensional guide to the major antigenic sites of preF.
The results show that the most potently neutralizing antibodies target antigenic sites Ø and V, both of which are located near the apex of the preF trimer. These findings are consistent with the results obtained from human sera mapping, which determined that the majority of neutralizing activity can be removed by preincubation with preF (4, 8) and that preF-specific sites other than site Ø make up a considerable fraction of preF-specific neutralizing antibodies (8) . Although antigenic site Ø has been shown to be a target of potently neutralizing antibodies (8, 10) , the interaction of antibodies with site V is less well understood. We found that the majority of site V-directed antibodies share several convergent sequence features, suggesting that it may be possible to rapidly detect these types of antibodies in human samples using high-throughput sequencing technology (57) . This may prove to be particularly useful for profiling antibody responses to RSV vaccine candidates that aim to preserve the apex of the preF trimer.
A limitation of our repertoire analysis is the relatively small number of donors studied. We chose to isolate a large number of mAbs from each donor, rather than to include a large number of donors with limited numbers of antibodies isolated from each. As a result, intradonor comparisons can be made with high certainty, but interdonor comparisons are less robust. However, the high degree of similarity among the three donor repertoires, combined with the overall agreement of our findings with those of the sera analysis published previously (8) , suggests that the antibody repertoires analyzed here are likely representative of naturally infected adult donors.
This extensive panel of antibodies provides new opportunities for passive prophylaxis. More than 30 of these antibodies neutralize RSV more potently than does D25, which served as the basis for MEDI8897-an optimized mAb that is currently in clinical trials for the prevention of RSV in young, at-risk children (58). Additionally, we have isolated several antibodies that cross-neutralize HMPV, including one that neutralizes RSV with a potency comparable to that of D25. The identification of a cross-neutralizing antibody with potency equivalent to that of D25 suggests that cross-neutralization of HMPV does not necessarily occur at the expense of potent RSV neutralization.
Although passive prophylaxis with highly potent antibodies may substantially reduce the RSV disease burden in select populations, an effective vaccine would produce the greatest benefit at the lowest cost. The development of an RSV vaccine has presented a number of unique challenges, and selection of the optimal vaccination strategy will be of the utmost importance. The in-depth analysis of the human antibody response to natural RSV infection presented here provides insights into the development of such a vaccine. Our results suggest that immunization of pre-immune individuals with preF immunogens will likely boost neutralizing responses, whereas the use of postF immunogens would be expected to expand B cell clones with moderate or weak neutralizing activity. Similarly, immunization of RSV-naïve infants with preF immunogens would be expected to activate naïve B cells targeting epitopes associated with substantially more potent neutralizing activity compared with postF immunogens. In addition, the ideal RSV vaccine should preserve antigenic sites Ø and V because these sites are targeted by the most highly potent antibodies elicited in response to natural RSV infection. Last, the reagents described here provide a useful set of tools for the evaluation of clinical trials, which will be critical for selecting the optimal RSV vaccination strategy from the many currently under investigation (59) .
MATERIALS AND METHODS

Study design
We initiated this study to gain an in-depth understanding of the antibody response to RSV F in naturally infected adult donors. To profile the antibody response to RSV F, we obtained peripheral blood mononuclear cells (PBMCs) from three healthy adult donors that were between 20 and 35 years of age and generated mAbs from RSV F-reactive B cells. Three donors were included in this study because this was the largest number of donors for which large numbers of antibodies could be practically cloned and characterized. Two independent experiments were performed for affinity measurements and antibody competition assays, and the results shown are derived from a single-representative experiment. For neutralization assays and patch assignments, the results are derived from a single experiment with eight serial dilutions. All samples for this study were collected with informed consent of volunteers. This study was unblinded and not randomized.
Generation of RSV F sorting probes
The soluble pre-and postfusion probes were based on the DS-Cav1 and RSV F DFP constructs that we previously crystallized and determined to be in the pre-and postfusion conformations, respectively (11, 15) . To increase the avidity of our probes and to uniformly orient the RSV F proteins, we coupled the trimeric RSV F proteins to tetrameric streptavidin through biotinylation of a C-terminal AviTag. For each probe, both a C-terminal 6×His-AviTag version and a C-terminal Strep-tag II version were cotransfected into FreeStyle 293-F cells. The secreted proteins were purified first over Ni-nitrilotriacetic acid (NTA) resin to remove trimers lacking the 6×His-AviTag. The elution from the Ni-NTA purification was then purified over Strep-Tactin resin to remove trimers lacking the Strep-tag II. Because of the low avidity of a single Strep-tag II for the Strep-Tactin resin, additional washing steps could remove trimers containing a single Strep-tag II. This resulted in the purification of trimers containing two Strep-tag II monomers and one 6×His-AviTag monomer. The presence of a single AviTag per trimer greatly reduces the aggregation or "daisy chaining" that occurs when trimeric proteins containing three AviTags are incubated with tetrameric streptavidin. RSV F trimers were biotinylated using biotin ligase BirA according to the manufacturer's instructions (Avidity LLC). Biotinylated proteins were separated from excess biotin by size-exclusion chromatography on a Superdex 200 column (GE Healthcare). Quantitation of the number of biotin moieties per RSV F trimer was performed using the Quant*Tag Biotin Quantitation Kit per the manufacturer's instructions (Vector Laboratories). Dual-labeled RSV F tetramers were generated by incubating the individual AviTagged RSV F proteins with premium-grade phycoerythrin (PE)-labeled streptavidin (Molecular Probes) or premium-grade allophycocyanin-labeled streptavidin for at least 20 min on ice at a molar ratio of 4:1. Tetramers were prepared fresh for each experiment. Amplification and cloning of antibody variable genes Single B cell PCR was performed as described previously (22) . Briefly, IgH, Igl, and Igk variable genes were amplified by reverse transcription PCR and nested PCRs using cocktails of IgG-and IgAspecific primers (22) . The primers used in the second round of PCR contained 40 base pairs of 5′ and 3′ homology to the digested expression vectors to allow for cloning by homologous recombination into S. cerevisiae (40) . PCR products were cloned into S. cerevisiae using the lithium acetate method for chemical transformation (41) . Each transformation reaction contained 20 ml of unpurified heavy chain and light chain PCR product and 200 ng of cut heavy and light chain plasmids. After transformation, individual yeast colonies were picked for sequencing and characterization.
Expression and purification of IgGs and Fab fragments
Anti-RSV F IgGs were expressed in S. cerevisiae cultures grown in 24-well plates, as described previously (23) . Fab fragments used for competition assays were generated by digesting the IgGs with papain for 2 hours at 30°C. The digestion was terminated by the addition of iodoacetamide, and the Fab and Fc mixtures were passed over protein A agarose to remove Fc fragments and undigested IgG. The flowthrough of the protein A resin was then passed over CaptureSelect IgG-CH1 affinity resin (Thermo Fisher Scientific) and eluted with 200 mM acetic acid and 50 mM NaCl (pH 3.5) into one-eighth volume of 2 M Hepes (pH 8.0). Fab fragments were then buffer-exchanged into phosphate-buffered saline (PBS; pH 7.0).
Biolayer interferometry binding analysis
IgG binding to DS-Cav1 and F DFP was determined by biolayer interferometry (BLI) measurements using a FortéBio Octet HTX instrument (Pall Life Sciences). For high-throughput K d determination, IgGs were immobilized on anti-human IgG quantitation biosensors (Pall Life Sciences) and exposed to 100 nM antigen in PBS containing 0.1% bovine serum albumin (BSA) (PBSF) for an association step, followed by a dissociation step in PBSF buffer. Data were analyzed using the FortéBio Data Analysis Software 7. IgG K d values were calculated for antibodies with BLI responses of >0.1 nm. Antibodies with BLI responses of <0.1 nm were designated as nonbinders. The data were fit to a 1:1 binding model to calculate association and dissociation rate constants, and K d was calculated using the ratio k d /k a .
Antibody competition assays
Antibody competition assays were performed as previously described (23) . Antibody competition was measured by the ability of a control anti-RSV F Fab to inhibit binding of yeast surface-expressed anti-RSV F IgGs to either DS-Cav1 or F DFP. Biotinylated DS-Cav1 or F DFP (50 nM) was preincubated with 1 mM competitor Fab for 30 min at room temperature and then added to a suspension of yeast expressing anti-RSV F IgG. Unbound antigen was removed by washing with PBSF. After washing, bound antigen was detected using streptavidin Alexa Fluor 633 at a 1:500 dilution (Life Technologies) and analyzed by flow cytometry using FACSCanto II (BD Biosciences). The level of competition was assessed by measuring the fold reduction in antigen binding in the presence of competitor Fab relative to an antigen-only control. Antibodies were considered competitors when a greater than fivefold reduction was observed in the presence of control Fab relative to an antigen-only control.
Expression, purification, and biotinylation of preF patch variants A panel of nine preF variants, each containing a patch of two to four mutations, was designed based on the structure of preF (10) . For known antigenic sites, including those recognized by motavizumab, 101F, D25, AM14, and MPE8, the patches contained substitutions associated with viral escape or decreased antibody binding. Residues with high conservation across 184 subtype A, subtype B, and bovine RSV F sequences were avoided, where possible, to minimize the likelihood of disrupting protein structure. The mutations present in each patch variant are shown in fig. S4 . Mutations for each patch variant were cloned into the DS-Cav1 construct with a C-terminal AviTag for site-specific biotinylation. Proteins were secreted from FreeStyle 293-F cells, purified over Ni-NTA resin, and biotinylated using biotin ligase BirA according to the manufacturer's instructions (Avidity LLC). Biotinylated proteins were separated from excess biotin by size-exclusion chromatography on a Superdex 200 column (GE Healthcare). A deglycosylated variant was produced by expressing DS-Cav1 in the presence of 1 mM kifunensine and digesting with 10% (w/w) EndoH before biotinylation.
Luminex assay for patch variant binding
Binding of isolated antibodies to the patch variants was determined using a high-throughput Luminex assay. Each biotinylated variant and a DS-Cav1 control were coupled to avidin-coated MagPlex beads (Bio-Rad), each with a bead identification number reflecting a unique ratio of red and infrared dyes embedded within the bead. The coupled beads were then mixed with a sixfold serial dilution of each antibody, ranging from 400 nM to 1.4 pM, in a 384-well plate. Beads were washed using a magnetic microplate washer (BioTek) before incubation with a PE-conjugated mouse anti-human IgG Fc secondary antibody (SouthernBiotech). Beads were classified, and binding of PE was measured using a FLEXMAP 3D flow cytometer (Luminex).
RSV neutralization assays Viral stocks were prepared and maintained as previously described (60) . Recombinant mKate-RSV expressing prototypic subtype A (strain A2) and subtype B (18537) F genes and the Katushka fluorescent protein were constructed as reported by Hotard et al. (61) . HEp-2 cells were maintained in Eagle's minimum essential medium containing 10% fetal bovine serum supplemented with glutamine, penicillin, and streptomycin. Antibody neutralization was measured by a fluorescence plate reader neutralization assay (15) . A 30-ml solution of culture medium containing 2.4 × 10 4 HEp-2 cells was seeded in 384-well black optical bottom plates (Nunc, Thermo Fisher Scientific). IgG samples were serially diluted fourfold from 1:10 to 1:163,840, and an equal volume of recombinant mKate-RSV A2 was added. Samples were mixed and incubated at 37°C for 1 hour. After incubation, a 50-ml mixture of sample and virus was added to cells in 384-well plates and incubated at 37°C for 22 to 24 hours. The assay plate was then measured for fluorescence intensity in a microplate reader at an excitation of 588 nm and an emission of 635 nm (SpectraMax Paradigm, Molecular Devices). IC 50 of neutralization for each sample was calculated by curve fitting using Prism (GraphPad Software Inc.).
HMPV neutralization assays
Predetermined amounts of recombinant green fluorescent protein (GFP)-expressing HMPV (NL/1/00, A1 sublineage, a gift from B. van den Hoogen and R. Fouchier, Rotterdam, Netherlands) were mixed with serial dilutions of mAbs before they were added to Vero-118 cells growing in 96-well plates with Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum. Thirty-six hours later, the medium was removed, PBS was added, and the amount of GFP per well was measured with a Tecan M200 microplate reader. Fluorescence values were represented as percent of a virus control without antibody.
Polyreactivity assay
Antibody polyreactivity was assessed using a previously described highthroughput assay that measures binding to solubilized Chinese hamster ovary cell membrane preparations (SMPs) (43) . Briefly, 2 million IgGpresenting yeast were transferred into a 96-well assay plate and pelleted to remove the supernatant. The pellet was resuspended in 50 ml of 1:10 diluted stock biotinylated SMPs and incubated on ice for 20 min. Cells were then washed twice with ice-cold PBSF, and the cell pellet was resuspended in 50 ml of secondary labeling mix (ExtrAvidin-R-PE, antihuman light chain-FITC, and propidium iodide). The mix was incubated on ice for 20 min, followed by two washes with ice-cold PBSF. Cells were then resuspended in 100 ml of ice-cold PBSF, and the plate was run on a FACSCanto II (BD Biosciences) using a high-throughput sample injector. Flow cytometry data were analyzed for mean fluorescence intensity in the R-PE channel and normalized to proper controls to assess nonspecific binding.
Statistical analyses
In Fig. 5 and fig. S7 , statistical significance was determined using Pearson product-moment correlation and Spearman rank correlation analysis, respectively. Antibodies that failed to bind or neutralize were excluded from the statistical analysis because of the inability to accurately calculate midpoint concentrations.
SUPPLEMENTARY MATERIALS
immunology.sciencemag.org/cgi/content/full/1/6/eaaj1879/DC1 Fig. S1 . Purification of preF and postF sorting probes. Fig. S2 . Representative gating strategy for RSV F-specific B cell sorting. Table S1 . Antigenic sites targeted by prototypic RSV antibodies. Table S2 . Efficiency of binder rescue from B cell sorting. Table S3 . Competition profile of antibodies used in binning experiments. Data file S1. Binding, neutralization, epitope assignment, limited sequence features, and GenBank accession codes for the isolated antibodies. Data file S2. Site V-directed antibodies show convergent sequence features. Data file S3. Antibody variable gene sequences of HMPV cross-neutralizing antibodies. Reference (62) 
